Abstract
1. Experimental Kp values were well fit to the modelled ones when, in addition to 23 absorption into organic matter, adsorption onto the soot carbon was considered. It could 24 be concluded that the main partition mechanism in Zaragoza aerosols was explained by 25 adsorption onto the soot carbon. However, Kp modelled values were affected by the 26 different thermodynamic parameters related to soot types. 27
The influence of the organic matter and elemental carbon fractions on the Kp modelling 28 was also studied. The different particle characteristics, local factors, the presence of non 29
Introduction
The widespread occurrence of Polycyclic Aromatic Hydrocarbons (PAH) in the environment and the adverse health effects makes that the identification and allocation of PAH in the urban aerosol be of importance for a better understanding of the origins, reactions and fate of these compounds in the atmosphere. Optimal strategies for the control of these air pollutants depend ultimately on such understanding. Many PAH compounds have been shown to be mutagenic or carcinogenic and many others may act as co-carcinogens or tumour promoters (Luch, 2005) . Exposure to these compounds can occur through multiple pathways, including contaminated surfaces, respirable particulate matter and, for the lower mass PAH, through the vapour phase.
Precisely, the volatility properties of these compounds make them to be present both in vapour form and in association to particles facilitating their long-range transport (Grimalt et al., 1988) . As it happens for other pollutants, once they are redistributed between gas and particle phases, PAH can be degraded by direct and/or indirect photolysis and deposited via wet and dry deposition mechanisms. When deposited, PAH may be revolatilized and transported over long distances and deposited again on soils and water surfaces far from their emissions.
In this way, the environmental fate of PAH depends, in part, on their distribution between the gas and particle phases. Some of the factors affecting to the shifting in the gas/particle distribution of PAH are ambient temperature variation, the nature of the aerosol and less intensive atmospheric reactions, during winter months, which could also lead subsequently to higher concentrations of PAH associated with atmospheric particles.
According to Wania et al. (1998) , the distribution of semivolatile organic compounds between any sorbing surface materials (suspended aerosols or any earth surface, e.g. 3 soils, plants, bedrocks, water) and air depends mainly on temperature. At high temperatures, the air concentrations increase showing that volatilization from the surfaces is an important factor in the movement of these pollutants.
The partitioning of the semi-volatile organic compounds between the gas and particle phase has been studied thoroughly for the last years trying to predict atmospheric levels once the mechanism has been parameterised.
Initially, the partitioning was based on the Langmuir adsorption theory (Junge, 1977; Yamasaki et al., 1982) taking into account a mechanism of physical adsorption of the organic molecules on the particle surface. Afterwards, a mechanism based on the absorption of the semi-volatile organic compounds in the organic phase of the particle matter showed to be more relevant (Pankow, 1994a (Pankow, , 1994b . Finizio et al. (1997) described the partitioning of persistent organic pollutants between air and organic films on aerosols employing the octanol-air partition coefficient (K OA ).
Recently, a new theory was developed by taking into account the PAH absorption in the organic matter as well as the adsorption on the particle matter soot (Dachs and Eisenreich, 2000, Fernández, 2002) . The relative importance of both mechanisms in atmospheric aerosols has been evaluated through the comparison of the partition coefficients octanol-air (K OA ) and soot-air (K SA ) in different urban atmospheres.
In this work, the main goal was a better understanding of the atmospheric partitioning of PAH necessary to determine the environmental fate of, and human exposure to these pollutants. To reach this, the partial objectives of this investigation were to characterize gas-particle partitioning of PAH in an urban aerosol of Spain by studying the temperature dependence of PAH and by establishing the PAH retention mechanism in the particle matter, according to available models, by studying the influence of the variables affecting the modelling. 4
Material and methods

Sampling program
The study was performed in the city of Zaragoza (located in the North-East of Spain (41º39´49.38´´N; 0º53´16.68´´W) using a GUV-15H Graseby Andersen High-Volume sampler with volumetric flow controlled system provided with a PM 10 cut off inlet at 10 µm but modified to capture PAH in the particle phase (PTFE-coated, glass-fibre filters, 0.6 m pore size) and in the gas phase (polyurethane foam; PUF) (López et al., 2005) .
Sampling efficiency was evaluated after the addition of a solution of deuterated pterphenyl added to the PUF prior to sampling as a sampling evaluation standard (SES).
Samples were collected every wk from April 7 th , 2003 to July 5 th , 2004 collecting a total of 50 samples.
Sampling time was 24 h, yielding sample volumes among 1600 and 1700 m 3 . Previous to sampling, filters and PUF were separately Soxhlet extracted for 24 h with dichloromethane (DCM) and kept in desiccators before and after sampling. Filters were also weighted before and after the sampling using an analytical balance (precision of 0.01 mg) to obtain the particle mass (Table 1 Supplementary material). After sampling, filters were wrapped in aluminium foil previously rinsed with hexane and stored in a freezer at -20 ºC until analysis.
Extraction and analyses
The analytical protocol for PAH determination contained in the filters and PUF was carried out as previously published (Callén et al., 2007; Callén et al., 2008 ). The PUF and particle matter contained in the filters were separately extracted by Soxhlet during The meteorological parameters of the sampling place, temperature, relative humidity, rainfall, irradiation, wind direction and speed were provided by the Spanish National
Institute of Meteorology (Table 1 in Supplementary material).
Quality control and quality assurance
Recoveries of the deuterated p-terphenyl sampling evaluation standard added to the PUF prior to sampling were satisfactory (recoveries lower than 50% o higher than 150%
were not considered) (UNE 77250, 2001 ).
PAH losses during the analytical procedure were evaluated by adding a known amount of the above mentioned deuterated PAH surrogate standards previous to the Soxhlet extraction. The concentrations regarding the very volatile PAH, Np, Acy, Ace and Fl could not be accurately identified by using this method according to the obtained results, due to the low recovery, poor reproducibility of their results and for staying 6 below the limit of quantification. Therefore, these four PAH were not considered in the interpretation of results. IcdP and DahA were quantified together due to the problem of discerning both peaks in some samples with the majority contribution of IcdP.
Regarding the rest of PAH, no corrections were applied. 
Results and discussion
Gas and particle PAH concentration
The average concentrations, the standard deviation and the minimum and maximum PAH concentrations in particle and gas phases and also in both phases for the performed sampling are shown in Table 1 .
A great variation in PAH concentration in particle and gas phases was observed. The total PAH concentration in the particle phase varied between 1.5-29 ng m -3 and in the gas phase between 1.6-27 ng m -3 . The lower molecular weight PAH species were mainly present in gas phase while higher molecular weight species were physically adsorbed on particulate surfaces (Pupp et al., 1976) . IcdP+DahA, BghiP and Co were the majority compounds contributing to the total PAH supported in particle phase and 7 Phe, Fth, Py and the alkylated Phe to the gas phase (Table 1) .
Phe (17%) and Co (11%) were the major PAH by considering both phases. The major contribution of Phe to the total PAH concentration was also found by Cincinelli et al. (2007) in air samples from Prato, Italy.
A positive correlation at 99% level of confidence between the gas and particle phases was found for all PAH from Phe till Chry and for the total PAH showing some grade of solid-gas equilibrium. No correlation between both phases was found for the heavier PAH. This lack of correlation was probably due to the concentrations of these compounds were above the detection limit in gas phase for only few sampling dates.
Gas/particle partitioning
The partition constant normalized with the total suspended particle concentration (K p , m 3 g -1 ) is defined by the equation: (Pankow, 1987) :
Where C p and C g are the concentrations of the organic semi-volatile PAH, in the particle and gas phases respectively (ng m -3 ) and TSP is the total suspended particle (g m -3 ). In this work, it was introduced the PM 10 concentration (g m -3 ) instead of the TSP. The higher the K p value for a determined compound, the higher trend to the particle phase.
The average, the minimum and maximum values of logK p for each PAH measured in the Zaragoza atmosphere are shown in Table 2 . The difference in the logK p values among the compounds was indicative of the different behaviour regarding their partitioning between the gas and particle phases. The average value for total PAH was -1.6 indicating the weak trend to adhere to the particle phase. Phe was much more 8 enriched in gas phase than in the particle phase and showed an average log K p =-3.1
while Co was enriched in the particle phase and its average log K p was 0.7.
Higher values of K p could be expected during cold season due to the low temperatures and the increase of organic semi-volatile compounds concentration in particle phase.
The average values of the partition constant for the warm and cold season are shown in 
Temperature dependence of partition constant
One of the main variables affecting the partitioning is the temperature. Particle-gas distributions are inversely related to temperature, as first demonstrated by Yamasaki et al (1982) :
where m, slope and b, intercept of the regression lines, are empirical constants related to heat of phase change of the PAH and the properties of the individual compound together with the properties of the particulate matter.
In this work, values of log Kp were linearly regressed against 1/T. The regression results, for species with statistically significant correlation parameters (99%) are presented in Table 3 . Regression coefficients (r 2 ) fall in the range 0.41 (2+2/4MePhe)-0.85 (BkF), therefore 41-85% of the variance was explained by inverse temperature for most of PAH.
Absence of temperature-dependence of Phe and An partition constants was also reported by Sitaras et al. (2004) for Phe and Acy. It was attributed, together to low absolute values of m, to the presence of non-exchangeable fraction and to the reaction of PAH with OH.
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In general, the shallowness of the slopes in this work seems to match with the typical slopes reported for other urban sites (Galarneau et al., 2006) .
Two different mechanisms have been used to explain the gas-particle PAH partitioning:
physical adsorption onto the aerosol surface and absorption into the aerosol organic matter. Independently of the mechanism type retaining PAH on the particle matter, the Equation 3 relates the K P partition constant with the subcooled liquid vapour pressure of the pure compound, P 0 L (Pa) according to Pankow (1994a) :
Where m r and b r are empirical constants. (Offenberg and Baker, 1999) ( Table 4) ; 0.65 and 1.00 with an average value of 0.90 (Lei et al., 2002) and 0.67 and 0.97 with an average value of 0.87 (Paasivirta et al., 1999) (Table 2 in Supplementary material). The correlations were statistically significant at 99% level of confidence for 48 of the total studied samples. Slopes, under certain conditions, could be indicative of the dominant mechanism: adsorption or absorption determining the gas/particle partitioning.
Ideally, under equilibrium conditions, the slope m r should be equal to -1 for either adsorption or absorption mechanisms, explaining the gas-particle PAH partitioning (Pankow, 1994a (Pankow, , 1994b . It is remarkable that for adsorption, the differences between the enthalpies of desorption and volatilization and the number of available adsorption sites must remain constant over a compound class. For absorption, the activity coefficients must remain constant over a compound class (Pankow, 1987; Pankow and Bidleman, 1992) . Nevertheless, Goss and Schwarzenbach (1998) showed that deviations of m r = -1 are not always indicative of lack of equilibrium. This deviation can be produced even if equilibrium sorption processes occur and sampling artefacts are negligible.
The value of the slopes of those samples statistically significant in this work varied between -0.17 and -1.20 with an average value of -0.62 ( + 0.25) (Table 4) , shallower than the expected one according to equilibrium conditions (-1). Shallower slopes than -0.6 are, in general, interpreted to be due to absorption into the organic matter and values significantly steeper than -1 to adsorption process (Goss and Schwarzenbach, 1998) .
The slope value of -0.62 obtained in this work corresponds to the borderline value of -0.6 previously mentioned. In this way, it is not possible to surely identify the main gas particle partitioning mechanism in the Zaragoza atmosphere and K P were compared according to two models in the next section. However, the m r values obtained in this work, corroborated other studies performed in other urban and rural areas for which m r varied between -0.43 and -1.04 (Stracquadanio and Trombini, 2006; Tasdemir and Esen, 2007) , -0.32 and .1.04 (Terzi and Samara, 2004) , -0.30 and -1.14 (Galarneau et al., 2006) .
Seasonal difference was found in the regression slope, tending to increase with increasing temperature (m r warm season= -0.57; m r cold season= -0.71). No explanation was found for this fact although in the bibliography this trend was also described by authors like Terzi and Samara (2004) for samples taken in the Western Greece.
However, opposite trends were reported by Galarneau et al., (2006) for samples taken in the Great Lakes.
One of the experimental reasons which can produce a desviation of m r =-1 is the chance of the sampling system has fault collecting representative samples of the gas and particle phases due to the PUF saturation and sorption of gas phase PAH to filters, sampling artefacts. The PUF saturation for high temperature dates and for long sampling periods could originate the saturation and the incorrect estimation of K P to higher values than the real ones. In this work, all samples were taken during 24 h. PAH sampling was performed according to European normative (UNE 77250, 2001 ) to determine PAH in gas and particle phases and the used sampler was US-EPA designated as an approved method for the determination of PM10 concentration.
Regarding the adsorption of gas phase PAH to filters, no studies were performed by using backup filters and no correction were applied to these data sets. Taking into account bibliography, several studies showed that there were not significant differences when comparing results obtained with Hi-volume samplers, diffusion separator, denuders and impactors (Knaup and Umlauf, 1992; Krieger and Hites, 1994) . Therefore, it was assumed that the present data set was suitable for examination of gas particle PAH partitioning.
Finally, those samples in which the compound concentration is close to the detection limit showed an increase in the uncertainty for the K P determination. In this work, only those dates in which, the PAH concentration in both phases were over the detection limit, were considered.
Other reasons associated with the lack of thermodynamic equilibrium that might contribute to shallow slopes can be caused by different factors: fast changes of temperature during sampling, chemical reactions in the atmosphere and local emissions producing compounds with no time enough to cold down and pass to the particle phase.
In fact, pollution sources close to the sampling point, for example the proximity of the highway, could affect the gas/particle equilibrium. Regarding the temperature fluctuations during the sampling date, no clear evidence that temperature variations were responsible for shallow slopes was found. A more detailed study for each sample revealed that there were samples for which the temperature changes were higher than 10 ºC and still showed steeper slopes. On the contrary, samples for which the temperature changes were lower than 6 ºC still had shallow slopes.
The presence of non-exchangeable material could also affect the deviations of m r . In fact, PAH are strongly associated onto the particle matter, adsorbed on the activated sites or trapped in the soot matrix and they are not able to participate in the gas-particle exchange. Nevertheless, they are extracted in the analysis step by using organic solvents (Bidleman, 1988) . In this way, the K P values obtained experimentally are higher than the ones predicted by theory according to the saturation vapour pressures in liquid phase. Moreover, at low levels de PM10 (average value= 32.2 g m -3 ), even a small 13 fraction of non exchangeable compound could cause notable deviations to the slopes (Pankow and Bidleman, 1992) . Simcik et al. (1998) also suggested that energy terms (activity coefficients, adsorption sites, enthalpies) are the major factors contributing to the shallower slopes independently of the adsorption or absorption dominates the sorption process.
Differences in the chemical composition of atmospheric particles would affect these energy terms (Goss and Schwarzenbach, 1998) . As the intercept b r is mainly depending on properties associated with the aerosol and is related to these energy terms, a more detailed study of the variations in the b r was carried out.
Variations of m r produce variations in b r in such a way that, in some cases, it is possible to explain this variation according to: The chance of defining this intersection point allows carrying out the estimation of the partitioning constant of a compound between the particle and gas phases, K P for a given value of log P 0 L , it is to say for a specific temperature (equation 4). This can be useful in order to build a model to predict concentrations.
Therefore, assuming that sampling artefacts were minima, the most important reasons to have higher values of m r than the expected ones, could be the presence of a PAH fraction non exchangeable, varying energy terms and differences in chemical 14 composition.
Comparisons between the partition constant K P according to different models
Due to the lack of conclusive results obtained in the previous section regarding the predominant mechanism in Zaragoza aerosols, the absorption of PAH into the organic matter, in which the octanol-air partitioning coefficient, K OA is used as an alternative to vapour pressure, and the adsorption onto the soot forming the PM 10 , were also investigated.
When the partition mechanism consists of the absorption of the organic semi-volatile compounds into the organic matter, the partition constant is given by the equation
according to Finizio et al. (1997) .
Where f OM is the fraction of organic matter in the PM 10 , ζ OCT is the activity coefficient of the absorbing compound in octanol, MW OCT is the molecular mass of octanol (g mol -1 ) and ρ OCT is the octanol density (0.82 Kg L -1 ). ζ OM is the activity coefficient of the compound in the organic matter phase and MW OM is the average molecular mass of that organic matter (g mol -1 ). K OA is the octanol-air partition coefficient (L Kg -1 ).
Assuming that octanol models all the organic matter, MW OCT /MW OM =1 and ζ OCT / ζ OM =1, equation 6 can be transformed in:
Bibliography regarding studies in sediments prove the strong association between PAH and soot in aquatic systems. Because its presence in aquatic systems is consequence of deposition processes from the atmosphere, it is expected that in the atmospheric particulate matter this association also exists (Crutzen and Andreae, 1990) . Therefore, besides absorption, adsorption partitioning could also be an important sorption mechanism in the atmosphere.
The equation modelling the gas-particle partitioning, considering both mechanisms absorption and adsorption in the soot, is given by the equation:
Where f EC is the fraction of elemental carbon in the aerosol, a EC and a AC are specific surface area of the elemental carbon and activated carbon, respectively and K SA is the soot-air partition coefficient (L Kg -1 ).
Since both PAH and soot material are generated in combustion sources, they are present concurrently in the atmosphere. Soot is a subproduct of incomplete combustion. They consist of a nucleus of elemental carbon (EC), amorphous at macromolecular scale but with similar disposition to graphite at micro scale, surrounded by an organic carbon layer (OC). PAH are also formed in the incomplete combustion reactions and are precursors of this material through a radical mechanism (Mastral et al., 2000) .
In this study, it was assumed that elemental carbon accounted for most of soot carbon and there was not difference between soot and elemental carbon, so a EC/ a AC =1 (Dachs and Eisenreich, 2000) . In this way, it was calculated the K P values following the equations 7 and 8 for Phe, Fth and Py.
Both partition coefficients, K OA and K SA are affected by the temperature. According to Dachs and Eisenreich (2000) , K OA can be obtained through the equation 9:
Where A and B are experimental parameters.
K SA can be obtained through the equation 10:
Where K SW is the soot-water partition coefficient and H´is the Henry´s law constant which gives the relationship between the concentrations of a compound in gas phase and dissolution when both are in equilibrium at a temperature T. H´ is dimensionless and can be estimated by using the volatilization heat (H, kJ mol -1 ) and entropy (S, kJ mol -1 K -1 ) (equation 11). The values of K SW were obtained from adsorption experiments on activated carbons according to Walters and Luthy (1984) .
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K SW values can vary by over two orders of magnitude depending on the type of soot considered (Galarneau et al., 2006) Fig. 1 ). An excellent fit was obtained for the three PAH for activated carbons calculated according to Walters and Luthy (1984) . When K SA was calculated according to Jonker and Koelmans (2002) , this fit was only better when wood soot was considered in the K SW calculations. It is remarkable to say that the influence of the soot type will be determinant over the particle/gas partitioning. Although one sample could be very well represented by a soot type, it could not happen with another and deeper characterization of the soot fraction in the aerosol for each sample would be necessary in order to better understand the PAH partitioning.
Regarding organic and elemental carbon, f OM and f EC values of 0.15 and 0.05 were used respectively in the estimation of Kp in eq 8. Similar values were reported for urban areas such as Chicago (Vardar et al., 2004) , Bursa (Turkey, Cindorouk et al., 2007) and Barcelona (Viana et al., 2006) .
Results based on the models, absorption and absorption+adsorption were compared against partition constants measured experimentally (Fig. 2) The important role of soot carbon in PAH partitioning was also corroborated by other authors (Dachs and Eisenreich, 2000; Vardar et al., 2004) . Nevertheless, other authors like Galarneau et al. (2006) could not explain the deviations from other PAH like retene and BaA based on soot types and attributed these changes to seasonal variability relationships.
(PARAGRAPH REGARDING CHRY REMOVED)
Other variables affecting Kp values are related to organic and elemental carbon contents in the aerosol because they depend on local factors and particle characteristics. In order to explore the sensitivity of the carbon fractions in the study of the gas/particle partitioning of PAH, the values of f OM and f EC were varied ±25% from their estimated values (Vardar et al., 2004) . Ratios between experimental and modelled logKp are shown in Table 5 . Comparing with results obtained with f OM =0.15 and f EC =0.05, better fit was reached when PAH adsorption onto soot was considered besides absorption into organic matter regardless the carbon content. Furthermore, for all types of soot, ratios were closer to the unity when carbon fractions were 25% increased. In this case, log Kp modelled according to Walters and Luthy (1984) still fit better to the experimental data reported in this work.
Therefore, these results suggested that PAH adsorption onto the soot was significant and should be taken into account in the PAH partitioning between gas and particle phases.
Although the elemental carbon concentration is normally lower than the organic carbon in the atmospheric particle matter (Dachs and Eisenreich, 2000) , these results showed that less than 10% of the studied PAH were absorbed into organic matter versus more than 90% which were adsorbed onto the elemental carbon structure, being this last one the main partitioning mechanism in Zaragoza aerosols.
In general, only when the organic matter content is more than 100 times the elemental carbon, the absorption can be considered like the main mechanism to retain PAH in the particle phase, secondary aerosols (Dachs and Eisenreich, 2000) . However, a deep characterization of the aerosol nature including the soot type, dependence with the temperature of soot-air partitioning, non exchangeable fraction of aerosols, should be necessary in order to better understand the PAH partitioning and the fate.
Conclusions
This work provided relevant information regarding the gas/particle partitioning of PAH in the Zaragoza aerosols.
One of the influencing variables explaining the gas/particle partitioning, independently of the partitioning mechanism, is the temperature. It is observed that temperature is able to explain until 85% of the partitioning for PAH like BkF, showing seasonal behaviour for some of the studied PAH.
Three different models have been applied to study the partitioning between the particle and gas phases: the Junge adsorption model, the absorption into organic matter and the absorption into organic matter plus the adsorption onto the soot carbon. Experimental Py -1.9 -1.3; -2.7 -2.0 -1.8 Total PAH -1.6 -0.9; -2.5 -1.9 -1.7 
BaA
